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Pathogenic bacteria elicit protective responses to oxidative and nitrosative stresses. Although such
responses are generally distinct, it was recently reported in Mycobacterium tuberculosis that cata-
lase–peroxidase (KatG), a classical defence against peroxides, also exhibits peroxynitritase activity.
Here, the katG gene from Salmonella Typhimurium was cloned and protein puriﬁed and character-
ised. An increase in the rate of decomposition of peroxynitrite was observed for KatG from the
enterobacterium with a second-order rate constant of 4.2  104 M1 s1 at pH 7.4, 25 C. This enzyme
was able to reduce dihydrorhodamine oxidation by peroxynitrite to 83%. Given the peroxynitritase
activity demonstrated here it is likely that KatG may play a wider role in the detoxiﬁcation of oxi-
dative stresses than previously thought.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Enteropathogens are capable of causing acute intestinal inﬂam-
mation that manifests with diarrhoea and vomiting. In response to
infection, the host innate immune system, primarily macrophages,
produces reactive oxygen and nitrogen species, including nitric
oxide (NO), superoxide ðO2 Þ and hydrogen peroxide (H2O2) as well
as the subsequent production of secondary species including per-
oxynitrite due to their inherent reactivity (reviewed in [1–3]). Per-
oxynitrite is formed by the near diffusion-limited reaction of O2
with NO. Previous studies have shown that this highly reactive
species, which has a half-life of only 1 s at pH 7.4, is able to react
with invading pathogens both inside and within the vicinity of
the macrophage and would thus be encountered by these patho-
gens [4]. Enterobacteria have developed mechanisms of resistance
to reactive oxygen and nitrogen species in order to survive and
proliferate within the host. One such mechanism is the increase
in expression of a catalase–peroxidase (KatG), which is able to alle-
viate discrete forms of oxidative stress via the breakdown of H2O2
and other hydroperoxides into harmless secondary species [5,6].chemical Societies. Published by E
; H2O2, hydrogen peroxide;
pentaacetic acid; DHR, dihy-
lecular Biology and Biotech-
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an).The mechanisms of both O2 and
NO detoxiﬁcation have been
studied in detail in enterobacterial systems (reviewed in [2,7]).
However, relatively little is known about the breakdown of perox-
ynitrite by these organisms. A previous study into the activity of
KatG from Mycobacterium tuberculosis has demonstrated that this
enzyme is able to act as a peroxynitritase, increasing the rate of
decomposition of peroxynitrite in aqueous solutions [8]. This work
aimed to ascertain whether KatG isolated from Salmonella enterica
serovar Typhimurium is also able to play a role in peroxynitrite
detoxiﬁcation.
2. Materials and methods
2.1. Materials
Unless otherwise stated, chemicals were obtained from Sigma–
Aldrich Company Ltd. and were of analytical grade.
2.2. Construction of the pTrcHis-KatG plasmids
The oligonucleotides S-KatG-F: GTT CTT GCT AGC ATG AGC ACG
ACC GAC GAT ACC CAT AAC and S-KatG-R: GTT CTT AAG CTT TTA
TTG CAG ATC GAA ACG GTC CAG GTT were used to PCR amplify
the katG gene from Salmonella Typhimurium ATCC 14028s genomic
DNA and incorporate NheI (bold) and HindIII (underlined) restric-
tion sites at either end of the gene. This gene was subsequently
ligated into pre-digested pTrcHis A vector (Invitrogen™) by stan-
dard techniques.lsevier B.V. All rights reserved.
Fig. 1. Puriﬁcation of KatG from S. Typhimurium. (A) SDS–PAGE showing the
puriﬁcation of KatG from S. Typhimurium prepared from JM109 competent cells
containing the pTrcHisA-S-katG vector. Lane 1 – cell lysate; lane 2 – Talon column
ﬂow through; lane 3 – imidazole wash; lane 4 – pure protein eluted with 200 mM
imidazole; lane 5 – pure protein after desalting. (B) Absolute absorbance spectra of
5.6 lM puriﬁed His6-KatG protein from S. Typhimurium at pH 7.4.
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The plasmids were used to transform chemically competent
JM109 Escherichia coli cells, which were subsequently grown in
1 L of Circlegrow media supplemented with ampicillin (150 lg/
mL) and hemin (20 mg/L) in 2 L bafﬂed ﬂasks for 20 h at 30 C in
a shaking incubator. Cells were harvested by centrifugation and
resuspended in binding buffer (50 mM Tris–MOPS, pH 8.0 and
300 mM NaCl), plus a protease inhibitor cocktail (Sigma, 1 mL/
20 g wet cell weight).
Cells were lysed by sonication on ice and cell debris removed by
centrifugation at 20 000g (4 C) for 30 min. The supernatant was
loaded onto a pre-equilibrated Talon metal afﬁnity column (Clon-
tech) and washed with binding and wash (10 mM imidazole) buf-
fers. The protein was eluted with 200 mM imidazole and
subsequently desalted on a PD-10 desalting column with 50 mM
Tris–MOPS, pH 8.0. KatG concentrations were determined using
the molar extinction coefﬁcient e280 = 143 350 M1 cm1.
2.4. Catalase, peroxidase and peroxynitritase assays
Catalase activity was monitored as previously described [9];
brieﬂy, various concentrations of H2O2 were added to 5 nM KatG
in 50 mM phosphate buffer pH 7.4 at 37 C and catalase breakdown
was monitored by a change in absorbance at 240 nm in a Cary 50
spectrophotometer over 30 s. The molar extinction coefﬁcient of
e240 = 43.6 M1 cm1, was used to calculate the concentration of
H2O2 [10]. Peroxidase assays were performed as previously de-
scribed [11]. Brieﬂy, activity was monitored by measuring the rate
of o-dianisidine oxidation in the presence of 23 mM t-butyl hydro-
peroxide by monitoring absorbance change at 460 nm
(e460 = 11 300 M1 cm1).
Resistance of catalase and peroxidase activities to peroxynitrite
was assayed by pre-incubating 1.5 lM enzyme with 0–375 lM
peroxynitrite tetramethylammonium for 5 min. Samples were
passed over a Sephadex G-25 column, diluted and the activity
was measured as described above.
Peroxynitrite preparations were bought commercially from Cal-
biochem and peroxynitrite tetramethylammonium was pur-
chased from Alexis biochemicals; concentrations were
determined in 0.1 M NaOH, the molar extinction coefﬁcient of
e302 = 1670 M1 cm1 was used to calculate substrate concentra-
tion. Peroxynitrite decomposition was monitored using an Applied
Photophysics stopped ﬂow spectrophotometer. Peroxynitrite solu-
tions in 0.01 M NaOH were mixed in a 1:1 ratio with KatG buffered
in 100 mM phosphate, pH 7.4 and 100 lM diethylenetriamine-
pentaacetic acid (DTPA). The breakdown of peroxynitrite was mon-
itored by a decrease in absorbance at 302 nm at 25 C.
2.4.1. Measurement of peroxynitrite-induced oxidation of
dihydrorhodamine 123 (DHR)
Reactions were carried out in 100 mM phosphate buffer, pH 7.4
and 100 lMDTPA. The oxidation of 100 lMDHR to rhodamine was
monitored by an absorbance change at 500 nm in the presence of
various concentrations of KatG or catalase enzyme after a 1 min
incubation. The reaction was initiated by the addition of 20 lM
peroxynitrite.
2.5. Analysis of kinetic data
Steady-state rates of catalase and peroxidase activity were esti-
mated by ﬁtting time course data to a straight line. The steady-
state rate data (rate versus substrate concentration) were subse-
quently ﬁtted to single rectangular hyperbolae (Sigmaplot 10;
SPSS) in order to determine kcat and apparent Km. Error bars repre-
sent SEM of the triplicate dataset and errors given for the kineticparameters represent the standard errors produced when ﬁtting
the data. Apparent second-order rate constants of the reaction of
KatG with peroxynitrite were determined from the slope of plot-
ting KatG concentration versus rate of exponential decay at several
ﬁxed concentrations of KatG. Exponential decay curves represent
the mean of >10 replicates.
3. Results
3.1. Expression and puriﬁcation of recombinant KatG
The KatG enzyme was expressed and puriﬁed by afﬁnity chro-
matography. The enzyme from S. Typhimurium was shown to be
highly pure by SDS–PAGE (Fig. 1A). The absorbance spectra are
shown in Fig. 1B. The peak at 280 nm represents protein while
the peaks at 408, 507 and 631 nm represent bound haem in the
high spin Fe3+ state [12].
3.2. Catalase and peroxidase activity
KatG catalyses the breakdown of H2O2 to water and oxygen.
This was measured continuously by monitoring the absorbance
of H2O2 at 240 nm. Various concentrations of substrate were
assayed and steady-state rates were calculated using the linear
Fig. 2. Kinetic characterisation of S. Typhimurium KatG. (A) The catalase
activity of S. Typhimurium KatG. Various concentrations of H2O2 were
incubated in 50 mM phosphate buffer, pH 7.4 at 37 C. The reaction was
initiated by addition of 5 nM KatG and the reaction monitored by change
in absorbance at 240 nm. Each rate (vss) was plotted against H2O2
concentration to give a simple hyperbolic curve from which kinetic
parameters could be derived. Each rate was measured in triplicate and
plots of the means ± S.E.M. are shown. (B) The peroxidase activity of S.
Typhimurium KatG. 23 mM t-butyl hydroperoxide and 50 nM KatG were
buffered in 50 mM phosphate buffer, pH 7.4 at 37 C. The reaction was
initiated by the addition of o-dianisidine and the absorbance monitored at
460 nm for 30 s. Initial rates (vss) were plotted against o-dianisidine
concentration. Each rate was measured in triplicate and plots of the
means ± S.E.M. are shown. (C) Catalase (d) and peroxidase () activities
were determined after 5 min pre-incubation with 0–375 lM peroxynitrite
tetramethylammonium and are expressed as a percentage of the activity
measured in the absence of peroxynitrite. Plots represent the means of
three replicates ± S.E.M.
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were plotted against substrate concentration to yield a simple
hyperbolic curve (Fig. 2A), from which kinetic parameters could
be estimated. The kcat for H2O2 degradation and the apparent Km
for H2O2 were found to be 7.0 ± 0.2  103 s1 and 1.6 ± 0.2 mM,
respectively. The kcat/Km was calculated as 4.4  106 M1 s1.
The peroxidatic activity of KatG was assayed as previously de-
scribed [11], by monitoring the oxidation of o-dianisidine in the
presence of t-butyl hydroperoxide. By varying the concentration
of o-dianisidine and plotting substrate concentration versus reac-
tion rate (Fig. 2B), the kcat for o-dianisidine oxidation and apparent
Km for o-dianisidine were found to be 12.1 ± 1.0 s1 and 0.20 ±
0.05 mM, respectively. The kcat/Km was calculated as 6.0 
104 M1 s1.
Catalase and peroxidase activities were also assayed for their
ability to resist peroxynitrite exposure. Both are relatively resistant
to this species; when peroxynitrite was 250-fold in excess of
1.5 lM KatG, catalase activity dropped to 89% and peroxidase
activity to 75% (Fig. 2C). There was a small rise in catalase activity
upon addition of low levels of peroxynitrite.
3.3. Peroxynitritase activity
It has been previously reported that KatG from M. tuberculosis
exhibits peroxynitritase activity [8]. Recent studies have also
shown that bovine heart and liver catalases are able to enhance
the rate of peroxynitrite decomposition [13,14]. The KatG enzyme
was assayed for its ability to increase the rate of peroxynitrite
breakdown by monitoring substrate decomposition via a decrease
in absorbance at 302 nm in a stopped ﬂow spectrophotometer. In
the presence of KatG, the breakdown of peroxynitrite was en-
hanced (Fig. 3A); however, different preparations of peroxynitrite
contain different contaminants and had to be controlled for. Two
common contaminants of peroxynitrite preparations are nitrite
and H2O2, which are unused substrates from synthesis [15]. To
control for this, we measured the rate of peroxynitrite decay in
the presence of KatG using peroxynitrite obtained from Calbio-
chem, which had a nitrite concentration determined by the Greiss
reaction as 12-fold higher than that of peroxynitrite, or peroxyni-
trite tetramethylammonium, which is synthesised from the reac-
tion of nitrogen monoxide and tetramethylammonium
superoxide [16] and contains 1% nitrite and no H2O2. There was
no signiﬁcant difference between the rates of decay, measured in
triplicate, using peroxynitrite from either source as determined
by the Students t-test. There was also no signiﬁcant difference
when nitrite was added to the peroxynitrite tetramethylammo-
nium assay in 100-fold excess. This suggests that nitrite and
H2O2 do not play a role in the KatG enhanced breakdown of
peroxynitrite.
Additionally, contaminants in the KatG preparations could
inﬂuence the reaction. To determine whether small molecules
were affecting the rate of peroxynitrite breakdown, reaction rates
were determined in triplicate using both diluted and concentrated
(Vivaspin 20 concentrator, molecular weight cut off of 30 kDa)
KatG preparations. There was no signiﬁcant difference in the rates
as determined by the Students t-test suggesting that there was no
effect on the rate of peroxynitrite decay by small molecules present
in the KatG preparations. The rate was also unaltered when KatG
samples were bubbled with nitrogen prior to assaying to remove
any traces of CO2 in the buffer. DTPA (100 lM) was added to assays
to remove the possibility of free transition metals being responsi-
ble for peroxynitrite decay.
The rate of peroxynitrite decay was measured at several ﬁxed
concentrations of KatG; all traces were ﬁtted to single exponential
decays from which the rate constants (kobs) could be determined.
kobs was linearly dependent on enzyme concentration and the sec-
Fig. 3. KatG exposure to peroxynitrite. (A) Stopped ﬂow measurements of
peroxynitrite breakdown at 25 C. Peroxynitrite (110 lM) in 0.01 M NaOH (ﬁnal
concentration) was mixed with 100 mM phosphate buffer (pH 7.4) and 100 lM
DTPA containing varying concentrations of KatG from S. Typhimurium. All
observed rates are the average of >10 assays ± S.E.; the apparent second-order
rate constant was determined from the slope of these plots. Inset shows a time
course of 10 lM peroxynitrite decomposition in the presence and absence of
10 lM KatG, monitored at 302 nm. (B) Time course of the reaction between KatG
and peroxynitrite measured at 407 nm. KatG (10 lM) in 100 mM phosphate
buffer (pH 7.4) and 100 lM DTPA was mixed with 10 lM peroxynitrite in 0.01 M
NaOH at 25 C; the reaction was recorded on a stopped ﬂow spectrophotometer
over 2 s. (C) The protective effect of KatG on DHR. The oxidation of 100 lM DHR
was determined by absorbance at 500 nm after a 1 min incubation with 20 lM
peroxynitrite and varying concentrations of KatG using peroxynitrite (d),
peroxynitrite tetramethylammonium () or bovine liver catalase and peroxyni-
trite (s) in 100 mM phosphate buffer (pH 7.4) and 100 lM DTPA. Assays were
carried out at 25 C.
Table 1
Second-order rate constants for the enzymatic catabolism of peroxynitrite. Second-
order rate constants showing the relative activity of various enzymes known to act as
peroxynitritases to catalyse the breakdown of peroxynitrite (NS – not stated).
Protein Organism/
source
Temperature
( C)/pH
Second-order
rate constant
(M1 s1)
Peroxiredoxin V [26] H. sapien RT/7.8 7.0  107
Glutathione peroxidase
[28]
Bovine erythrocytes 25/7.4 8.0  106
Myeloperoxidase [22] H. sapien 12/7.2 6.2  106
Horseradish peroxidase
[22]
A. rusticana 25/7.4 3.2  106
Catalase [13] Bovine heart 25/7.4 1.6  106
AhpC [20] S. Typhimurium NS/6.8 1.5  106
Thioredoxin peroxidase I
[27]
S. cerevisiae 25/7.4 7.4  105
Tryparedoxin peroxidase
[25]
T. cruzi 37/7.4 7.2  105
Lactoperoxidse [22] H. sapiens 12/7.4 3.3  105
KatG [8] M. tuberculosis 37/7.4 1.4  105
KatG [this work] S. Typhimurium 25/7.4 4.2  104
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(Fig. 3A and Table 1) at pH 7.4 and 25 C. This is approximately
3-fold lower than that of KatG from M. tuberculosis
(1.4  105 M1 s1, [8]). At all times substrate concentrations were
kept in over 40-fold excess to conﬁrm that the reaction between
KatG and peroxynitrite was catalytic.
The reaction between KatG and peroxynitrite was followed at
several ﬁxed wavelengths (between 407 and 430 nm) using a
stopped ﬂow spectrophotometer in an attempt to identify interme-
diate species. Fig. 3B shows an absorbance decrease at the Soret
band; this decrease occured within the 2 ms dead time of the
stopped ﬂow apparatus, so that the trace shows the subsequent in-
crease in absorbance as KatG transitions back to native enzyme. A
red shift was also observed, with a peak at 430 nm; no isosbestic
wavelength between the native and red shifted peaks was found.
3.4. Protective effect of KatG on DHR
The ability of the enterobacterial KatG enzyme to protect DHR
from oxidation by peroxynitrite was investigated next. Recent lit-
erature suggests that peroxynitrite per se is not responsible for
DHR oxidation; rather, it is the peroxynitrite-derived radicals,
nitrogen dioxide and hydroxyl radicals (formed at 0.9 s1) that
interact with DHR ([17] and references therein). Given the sec-
ond-order rate constant and the concentrations of enzyme used
in this assay (5–40 lM), KatG would be expected to intercept per-
oxynitrite partially. DHR and peroxynitrite were mixed with vary-
ing concentrations of KatG in order to determine experimentally
whether the enzyme is able to protect DHR from oxidation. This as-
say was undertaken using peroxynitrite from Calbiochem and
also using peroxynitrite tetramethylammonium. When using the
Calbiochem peroxynitrite, which is likely to contain H2O2 as un-
used substrate, KatG seemed to afford little protection from oxida-
tion (93% oxidation), with a small increase in oxidation at 5 lM
KatG (closed circles, Fig. 3C). H2O2 is unable to oxidise DHR alone
however; in the presence of a catalyst, oxidation can occur
[18,19]. Given the slight increase in oxidation at low KatG concen-
trations it was necessary to repeat this assay using peroxynitrite
tetramethylammonium, which contains no H2O2. We found that
under these conditions KatG is able to intercept peroxynitrite
and thus reduce oxidation of DHR to 83% of that in the absence
of enzyme (closed diamonds, Fig. 3C). This is in contrast to bovine
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to 13% with 15 lM enzyme (open circles, Fig. 3C). The previously
reported protection offered by AhpC from S. Typhimurium [20] and
bovine heart catalase [13] is also greater than that of S. Typhimu-
rium KatG.
4. Discussion
Characterisation of KatG from S. Typhimurium has yielded the
ﬁrst kinetic parameters for the enzyme from this organism, which
are within the range for other KatG proteins [21].
In this study KatG was found to enhance the catabolism of per-
oxynitrite, which is in agreement with data previously published
for the M. tuberculosis enzyme. The second-order rate constant
for the enterobacterial enzyme was around 4  104 M1 s1,
approximately 35-fold lower than those for AhpC from S. typhimu-
rium and bovine heart catalase [13,20].
A reduction in the absorbance of the Soret band upon reaction
with peroxynitrite was accompanied by a red shift of the peak.
No isosbestic wavelength was found between the native and
shifted peaks; this suggests that both compound I and compound
II may be formed, as seen in the peroxynitrite study of horseradish
peroxidase [22]. In order for the enzyme to function catalytically, it
must be recycled to native enzyme; one possibility for this is
reduction by contaminant H2O2 found in Calbiochem prepara-
tions. However, the use of peroxynitrite tetramethylammonium
had no affect on the rate of the reaction, which suggests that
H2O2 does not reduce the enzyme. It has previously been shown
that peroxynitrite is able to cause the one-electron reduction of
compound I of myeloperoxidase to compound II [23]. Compound
II may be reduced by nitrite, NO2 (formed by peroxynitrite decay)
or peroxynitrite to native enzyme [14]. However, nitrite levels up
to 100-fold excess over peroxynitrite and KatG showed no indica-
tion of affecting the rate of peroxynitrite decay, so it is unlikely that
this is a route of compound II reduction. Another possibility is that
the enzyme–substrate complex directly converts peroxynitrite to
nitrate [24]. Clearly the mechanism of this KatG–peroxynitrite
reaction warrants further study, which is beyond the scope of the
current paper.
Our ﬁndings show that KatG from S. Typhimurium is able to en-
hance the breakdown of peroxynitrite and may play a wider role in
the defence against oxidative stress than ﬁrst thought.
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